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‘Itb2sunspt Cde for perfcxmna analysis of
direct gain passive solar heated imilciings is
U@ to mlmlate LM annul SJ31U frdctim fm
tw represmtativedesigns in ten Am2rican
cities. TYe ho represmtative &signs involve a
simgle therml storage mss cm figuratim tiich
ie evaluated with and witimut nigi)t insulation.
In tnth ases the solar a~ture is rbuble
glazd. lW results of the cietailcd tkrrral
mtwork calcmlat. ims are tten correlated using
the rrmthly mlar l-d ratio mttd which has
already km swcess Eull:/ a~lid to the analysis
of toth =tive mlar Ixmted hildings and ~=ive
therrrwlstorage wall systerm. me .Tm2ttrd Is

bad m a cmrelatlm &tween tle rrmthly mlar
heating fractim and tk rrmthly W13r lmd
ratio. ‘rherrmtnly mlar load ratio is defiwd
as the ratio of ttr rrmthly solar ener~f
traIwnitLd thro~h the glazing agmture to the
lmildi~’s rrmthly ttmrml load.

‘llw prcm-dure using tk rrmthly mtlml Eor any
lmticn is dism=d in &tail. In dd~ticn, a
table of arn~l ~rformnce results for 84 cities
is presmtm5, enablicq thw &signer to bypass the
rrmthly mettml for ttmse latims.

(,

1. Intrmlxtion 1———

‘The solar load ratio rrettmd for estimtinq ti
pxfcrrrmce of mlar hsatd bilcl~rys was
~ig~m]~ develom as a design tcr31 for active

iGystem . ( ) Later the tmhniqw WJS rrcdified
slightly ty P-al- and W%rland(2) and
a~liml to passive Qlar treated bildings of tb
ttcrrnal sLorage wall type. Ta this ~per, the
techniqweof Mlcmb and mFaLland, as rkscr itx=d
in Ref. 2, is cxlerded to irKILxIc dlrc<t gain
passive solar Fmmtd lmildingn.

‘Rm solar load ratio mettd involves h usQ of a
mrrelaticn hctmen rrmthly mlar heatirq Crac-
ticn and mnthly WIM load ratio. lti l~thly
solar load ratio ic rkfird as tk ratio of tiw
mlnr radiaticm Urmsmi tted tiwough ttw glar.lng
of ttm mlar aperturo during a cm nmnch parlml

I
to tk totalbuildingheating lmd during the
s.arm m rrcnth wricd. Simulation results on
which to bse the mrrelatim for direct gain
tuildin+ ~re dtaind fran a series of cal-
culations p?rforrrd with tic ?KZXJVSUNSP3T’(3)
~rK@ nek3L k 6. SuNSmr has been validated
cm the basis of e~rirrental data frun the dirmt
gain test cell 3t the Lm Alams Solar Mmratory
and altkmqh it is quite a simple rrdel it is
miderd a rea.sambly accurate representation
of xtul dir~t gain tiildings.

In the follming secticm we describe the
prmedure usrxi to mrelate the rrcnthly mlar
IwatingFractim for direct gain tiildings with
the rrmthly solar I.md ratio. Lirnitaticns and
mracy of the resulting mrrelatim are dis-
mssd . Finally a stepby-step prcxedu:e for
estimtimg the annual performance of an arbi-
trarily lcrated direct gain kilding m the basis
of the solar 1035 ratio cmrelaticn is presented.

2. l%e Peference Dir-t Gain &sign

A single reference design is used in this sttiy.
It is, of course, desirable to have several
reference designs available for amlysis by the
solar lck+d ratio mti and stdies involving
othr ccnfiguratim are therefore plannd for
the near future. At present, hwever, the ~r -
formnce of direct gain systems other than the
refererm design mt be estirnatd by scaling the
results basal m pametric stulies as will be
discussd later.

‘The characterisl s b) :i)edirmt ~.lin referenm
design are retched to correspmding char~cter-
istics of the previcwly repxted solar load
ratio analysis of lherrrbal storage wall

sygtems (4) wherever @ssible. For example, the
dir=t gain deslqn )HS a six inch t+ick layer of
high clensity mcrel:e distribut=l m the flcoL

and north, east or west walls of the enclosure,
‘iY!@mass surfacemea is three times the glazinq
area. ‘i%us the total vcl(m of mmcret.e therml
storageKMS. is qul to that available in an 18

I

k performed under tim aunploes of the U.G, b~~t of Dwrgy, awl f- Lf the Researchad
IWelofrnent Branch for Solar Heating and Cmliny, OCfiCeof tho A%91stant&crotary for &mervaticm and
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imh Tmhe wall wlm.se surfacearea equalsthe
glazingarea. ‘i* remaining characteristics of
the referencedirectgain designare:

Therml Storage: 45 Btufi-ft2 of glazing
Mass Distri’kutim: 6 in. thick layerof

ocncretecn flcorand
north,east or =st walls.
Msss surfacearea is three
timesthe glazingarea.

Otlvx Buildingklass:Negligible
rloubleGlazing: Nom@. solar

transmittance= 0.747
Air ‘kmperaturelUing@in Building: t%.%-to

Night Inaulatia: R9 when US@. Irsulatia
in plaoe frun 5 p.m. to
7 a.m.

NSSS-surf~e-to-roan air cmductance:
1.0 Btu/%r*ft2*OF

StorageMass ProWt ies:
tkrnwd mductivity = 1.0 Btu/hrft OF
heat ca~ity =30 Btu/ft3OF

GlazingOrientatim: ‘Jerti=land south facing
kisssSurface%lar Absorptance: 0.8
GrowtiReflectance: 0.3
Overhang: Ncme

The atmve&sign is rmt as cmstrained as first
a~ranc% might irdicate. Althcughthe
thickwss and surfacearea of G% thermalstorage
nwuzsare fixed,the distributionof the mass
alrng the interior surfacesof the encl-!~e is
arbitraryexceptMat the ceilingis exclti,.xl.
Duringthe cnurseof validating the STNSFOTmdel
it was deternincd that the performance of direct
gain enclosuresis rot very sensitiveto vari-
aticsasof masxsor slar radiaticmdistributica
within the enclosure. Mwever, all rcm-rrassive
surfacesare rcxleledas pxfect reflectors
representingttw use of light cxdors m all light
weightelementsof the kuildingshell. In order
to accountfor tlm presenceof furniture,rwjs
and other lrw thermalca~ity cbjec= in the
directgain mclcsu:e, it is assuredtnat 233 of
tlw?transmittedsolar fluxwas absorteddirectly
into the roomair. ‘l%ispr~dure synthesizes
th? atsorpticnof =lar radiatia by cbjec=
which heat up rapidlydue to their lW heat
capscityand subsecr~ntlylose thermalenergyto
the rrm air witltvery littlelag tinw.

3. * Solar LOad Ratio COrrelaticn

A data ba* for the ac2ar iced ratiocmrrela:icn
was garter:.ted t-:’perfc.nninga cne ye~-
Calmlaticn for Lhe re=erencedirectgainde=:gn
(withand witk~t nigkt insubtion) L?Jeachc:
ten Americancizies. -%e ten citieshere selected
a the basis of Obtaininga %=~ietyc: diffecent
typesof climat=s. A list of the ter. cities :s
presentedin Tale I as are L+e latiZAS, lcr.gi-
tude,annual he3ting @gree &3Js and mnual
insolation at exh site. ltLe keginn~~g date of
the ‘typical ye=” historical ‘weathe: file ~ed
for each city is al.= listed. l%e t:.ical y~~rs
were determin~ for ezh tit< on the asis c<
past work on actives_J-s.tem.s&nulatim. as the _.’ear
which gives an anual ~r forr~ce clsxst tc -k
averageannual :=L focarice m-er a te. year ~- i05.
Ca3.culaticnsin each city vmre run with and
withoutnight insulationfor fourdii~erent
glazing~-ea to buildinglead ratice. ‘ItNJs2
totz’.of 10 x 2 x 4 = 30 ann=l calc~ations were
perforrwl. The nrmthl:~data ~ints aztainedwith
and witlmutnight insdaticn are plcctedin Zigs.
1 and 2 respectively. In eacn figurs,the
nmthly solarYfiating~racticnis pi=ttd as a
functionof the nmntb~ysolar loadrstio. V,e
groupingof the data :~ints indicatesthata
Correlationdce= exis.= and,as shcwn in Figs. 1
and 2, we have fit am~fi~’ticclrvesm lmthS<ZS
of data. ‘fhefmctiad relaticmshi~is gik-+nb~:

~-, = al(SrJl), SU?5R

SHF=a2-a3FXP l-a~(SIR)] , SIJI’R

‘l%@ocefficientsselectedare thcxe..tiichyield a
leastsqmres fit to annualsalarheating
fracticmfor t-e w!T3137GG set. ‘R.=
coefficientsace giva! in Takle II along wikn the
standarddevia~icm,c, of the annualiata.

‘Thecorrespondencebe%?en a-.nualsclarheating
fracticmby the nmtr.:ySOla- loadratiorre=%xi
as axnparedwith the ;?rxr-by-hourresultsis
given in Fiys.3and 4.

Table I

AmericanCitiesused in SolarLoad Patio Q’rrelation

AnnualHi2=ting Annual Insolation TypicalYear
city Latitule X.mqitde DegreeDays (lo%l:lft+ Start‘2ate

Altatquerque 35.0 1.6 4253 688 7/2/’62
UJa A3.anvX 35.8 1.3 7350 518 91~2
Madison 43.0 -0.7 7838 513 7/1/61
Msdford 42.3 5275 527 7/1/61
lkXtcxi 42.3 ;:; 553’3 444 7/1/57
8ar’taMar{a 34.8 3065 649 7/1/56
Nafihville 36.1 -::: 3786 513 7/4%5
char~;tc?l 32.8 5.0 2255 554 7/1/63

46,8 10.8
Lake=les M.1

8234 484 7/1/54
3.2 1694 546 7/2/57
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=f ficientsforSXiirFleatirqFractiurCorrelationSimc:ion

DirectGsinwiti
DirectGin (CC) JQW_Insulat~~ (CCXI)

R 0.100 0.600
●l 0.6182 0.S665
●, 1.00s7 1.0028
●, 1.0710 1.2646

% 1.2206 16467
a .025 .Ow

IA f.o DIRECT GAIN WITH NO NIGI+T INSULATION
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Fig. 1. Monthly Solar Heatinq Fraction vs llonthly
Solar Load Ratio for refercrlccdirect gain
design with no night insulation.
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Fig. 2. Monthly solar hc~ting fraction vs monthly
solar load ratio for referencedirect
gain design with I’9night insulation.
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Fig. 3. Comparison of Annual Solar !featinc
fractj.onsobt:ainedfrom SUIJS?OTcal-
culations and by the solar load ra:io
method for the Reference Direct gai>
desig’nwith no night insulation.
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Fig. 4. Comparisonof Annual Solar Xeatin;
Fraction obtained frcm SLWSPOT cal-

culations and by the solar load ra::o
method for the reference direct qa:n
design with R9 night insulation.

4. Estirmtingthe Perfornmce of DirectGain
~s

In this secticnwe presenta method for
estiinatingthe annualpmformance of directgain
solar tuildingsof the referencetypeat
arbitrarylocaticms. me cmly Weatheidata
requiredare totalnmthly insolaticma a
horizontalsurfaceand monthlyheatingdegree
CkyS. Extentionof the resultsto non-refere.nm
designs is discussedin the [ollcwingsectim.



MzmthlY‘lYansmittedSolar%diaticm

step 1: Obtainthe totalnrmthlysolar radiaticn
~ # horizmtal surf=, C)H(Btu/ft2),
fromwsatherdata at the lomtim of in-
terest. Repeat for all 12 mcnths.

Step 2: Calculate(L -A) for each nnnth where

L = latitude(deg)
= 23.30cxx(30%!- 187°), solar
declinationat mid-nrmth(M = mmth

nmtx?r,i.e.M = 1 for January)
step 3: FromFig. 5, deternunea valueof

P
for each of the mmthly values

o (EL).
*n calculate

where ~ is the nmthly solar radiatim
transmitted throogh each sgw~tiefoot of vertical
@uble glazing faciqg due south. [me data
pKe.WWd in Fig. 5 15 the rcsdt of hour ty hour
sjmulatlcmsin 21 U.S. cities. ‘he Eces
crxrelaticm(5)was used to determinehourly
directmxmal and diffuse.mlar radiatim fran
hourlytotaltm izcmtalradiaticm). ‘1% amlytic
formof ths functicmpr.ssentedin Fig. 5
is:

The

%
~ = “266- “00251

standard&viat irn

(L-6) + .C100308(L-6) 2 (2)

iS 0.060.

Fig, 5. I?at~r) of solar flux transmitted throuqh
double qlazinq to solar flux incident
m horizontal surface vs latitude minus
mi+month solar declination.

Step 4: ‘l%erel.aticnshiprepresentedin Fiquaticm
(2) is basedcn an assumedgroundreflectance

of 0.3. m mne cases a designerma? wish ti use
a horizmtal spealar reflectorm t% groun5 in
frcmtof the solar aperture. If the reflsct~:is
equal in area to the glazingapertureZMKIW a
reflecxatwa of 0.8, the nrmthly trans3itttxl slar
rdj.atia is enhancedas illustratedIn Fig. .5.
lhe enhancednxnthlytransmittedsol= radiatia
is given by

where W is the enchancement facex and ~
is the transmittalsolar radiatirnf,btair.ed
in Step 3 atme. fi,ecorrelatim.in Fig. 6
Was obtainedfrcinhour by hour si-daticrs in
ten Americancities. me stznd&-5devia~icn
iS 0.0197. ‘It@analyticform of ‘* f~aion
in Fiq. 6 is:

EF = 1.008 - .0179(L-c$)+ .00192 (L-6)2

- 4.03 x 10-5(L-~)3

+ 2.45 x 10-7(L-6)4

~ is thedesirednrs’khlytransmittedsobr
radiaticm.

1.6 I I I I I i I I
1’ I ~’”-

FOSIOA-‘ 1 I I 1 I 1 1 I I 1 1 I !

LATITUDEMINW281D.MONTHS~L4R OECLINYTIW,L-8 ($)

F1ig.6. Specular reflector cnhancexnt factor
Vs latitude minus mid-monthsolar
declination.

Wthly ’IhermalLoad

(3)

Step 1: Calculatuthe tuildingloss meffici~t
(BI.C)in BW/degree-day. 7he Br.Cis
the sun of the building skin mnddxmc+e
(includingthe south facing glazing) and
the infiltratim.

Step 2: Determinethe urnthlyheatingdegreedays?
D&),fran wather data at the site of
interest.

Step 3: Determinethe mnthly thermalload,
Ml’& w takingthe prcductof the



buildingless inefficienta
heatingdegreeday values.

MIZ=BLc”m

Mnthly SolarIaad Ratio

llw mcntlflysolar loadratio is

SIJI= Q@ffZ

Fbnthly.%larHeating Fraction

the Ilmthly

-h previcmly calculated ITCXIthly solar load
ratiocxxres.-ds to a mique .mthly SOIZE
hating fractim, SHF,which =n be *tained frm
the ~lid linesqr@ed in Figs. 1 ad 2 for
designswith and wittmt night insulatia,
respectiveki.

MonthlyAuxiliaryl%ergyRequired
,,

‘llEauxiliaryheatingenergy,XX, requ;redeach
rnrnthis calculatedas follm:

Al.X= (l-SHF)*BLC*IX)

AnnualAuxiliarynerrw f?equired

simply
totdl.

Annual—.

sun the nrmthlyAUX’s b get ‘A anrml

12

ANNUWNIX=
z

AUXi
i=l

SolarHeatingRaction

Srnnnmthly heating degree days to @ ANN-W tll
and evaluatethe annualsola. EracLicmas follm:

5. Variationsfrcrrrthe Referemx ~sign~

In the near futuresolarload vatio.mves will
be generatedfor wveral additimal iiirect gain
Oonfiguraticns in order to extend the
a~licabili ty of the =lar lm.d ratio metld. In
the rneantirre, the ‘W forrwance of rmn-refmrencv
ccnfigurc~tia.s rnus: be a.~rcx:-~ted ?J scaling
annual sqlar f racticms obta ice+ for the reference
design m tti: basis of &tailti sensitivity study
results. ‘Me var iaticnof arr.alsolarheating
fracticnas a functim of numk+xof gl(lzings,
resistance of niqhk insulatim, thic<ness of
therrrd storage mass, surface =ea of t;terml
storage mass, and allwable rrxn air temperature

. awing tas keen determined bl PSJ formng an
extensive nW.rix of SUNSFOTcakulaticns. ‘I?le
results are re rted in anotherpaper in t~se
proceedings.(6Y Yrcm the ~lmlated rnsults
presented”in Reference6 it is px!sibleto
determinethe fractionalchdnge in ennual=lar

heatingfracticmwhich resultsfran a selected
designdeparturefrcfnthe references:ztem. %
annual solarheatingfractim c&tainedby the
~lar load ratiornethcdcan be ZZ1.tipiiedby =%2
a~ropriate fractional change in order m
determine the *rformance of the amfiguratiff. of
interest to the designer. Application of this
amroximation involves the *1 icit assmvptia.
that frackional variatias of E% annal sol&-
heating fractia due to changes in a single
designparameterare insensitiveto h% valuesof
the remainingdesignparameters. This implic;t
asawnptim is of coursenot rigorouslycxxrecz
bUt use of the suggested~lir,g cmrrectia is
better than usingno correcticmat all for
Off-leferencecxmfigurations.

6. 7abularSolutionfor Annual Solar
Heat-ing Fractionin 84 U.S. anu Canadian Cities

A variatim of the solar load ratioT&!!
descritredin section4 has been used ‘o calculate
annualsalarheatingfractims far the xefererJ~
direct gain designsin 84 U.S, =nd Canadian
citiesand the resultsare presen%d in Table
III. A designerinterestd in s buil Zing sire
locatedin cne of the cities included in Table
III need rmt pxform the rrmth Ny mmth
calculatias required ty the solar load ratio
Slethod. Instead, the foll.owingmuch simpler
prooedure rreybe followed:

Step 1: Calculatethe buildingloss cueffici~-it
(BLC)in Btu~ckgree-cliry.‘XSisis ‘h SMC
of the buildingskin amductance
(excludingthe .muth facing glazing) and
the infiltration l-d. Internal h~at so~-~s

may be subtract~ iran ‘he kuildi~ loss
rxxf f icient. IMRXTANI’: F!!rmber -&t w?-.en
using Table III the calculatedbuildingi>ss
ccx?fficientshouldnot incl Ae the sxxth
facing glazingof t~solar aperttie.

Step 2: Calculatethe buildingioad mllector
ratio (X4X)definedas follcws:

BLC
L(2R= —— .

Step 3:

Step 4:

Solar Collection Area (ft~)

Imate the city and referencedesignof
interestin Table III. ‘l%es’.nimlKG
refersto the direct~ain ries;gn and
~1 is the directgala designwith
niqht ‘.nsulaticn.The had ccllector
ratiosrequiredto achieveLke indi~ted
solar heatingfraction,s, which range
fran 0.1 to 0.9, appear beneaththe
solar heatingfracticns. It will
usuallytc necessaryto irlter~late:T
the table in order to determinethe
correctsolarheating:ractim.
The annualauxiliarye7.ergyr9quirwiby
the buildinyis given hi:

AtWIALAU)(= (1-SW)“(ANNUALm) “(BK)

where, again,the buildingloss
coefficientcloeqnot includethe solar—
aperture.
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7. QmcJusion—.—

The informatim and techniquespresentedin this
pap, when ccmbinsdwith the resul&Lsof tbe
sensitivitystuly repxted in Reference6, are
sufficientto providean estit~ate0: the annual
~form.nce of -t directgai,ldesignsat any
taaildingsite in the Uniteds-atesor Carda.
Solar load ratioaxrelaticns fm additicr.al
directgain &sigm will be rkvelopedin the ne~~
future in order to minimize t:= arro.mt of scnli~,g
(based al sensitivitycalculations)requiredto
estimte hilding ~formnce.

The auttrxsmuld like ba expresstheir
qpreciaticm to Mark Ikckettof GroupC&l-lat ~
A3.amc6ScientificLakratory for assistana in
cmducting the analysis.
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